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Thermally assisted hydrolysis and alkylation 
as a novel pyrolytic approach for the 
structural characterization of natural 
biopolymers and geomacromolecules 
J.C. del Rio *, F. Martin, 
F.J. Gonzalez-Vila 
Seville, Spain 
The high-temperature reaction of macromol- 
ecules with tetra-alkylammonium hydroxides 
has significantly improved the use of the con- 
ventional pyrolytic procedures which are 
widely used for the structural characteriza- 
tion of natural biopolymers and geomacro- 
molecules. This new pyrolytic approach has 
overcome some of the analytical limitations 
of conventional pyrolysis allowing the detec- 
tion of polar compounds as their alkyl deriv- 
atives. We report recent developments of the 
high-temperature hydrolysis and alkylation 
procedure, carried out in the presence of 
tetra-alkylammonium hydroxides, for the 
structural characterization of natural biopo- 
lymers and geomacromolecules such as lig- 
nins, humic substances, coals, asphaltenes 
and kerogens. 
1. Introduction 
Analytical pyrolysis coupled with mass spec- 
trometry (Py-MS) or gas chromatography-mass 
spectrometry (Py-GC-MS) is now recognized as 
a powerful analytical technique for the chemical 
structural characterization of natural biopolymers 
and geomacromolecules [ l-81. The polymeric 
material undergoes heat-induced bond dissociation 
to give lower-molecular-mass compounds which 
reflect the composition of the original polymer. 
Analytical pyrolysis has many well known 
advantages. 
In many instances it is very reproducible and the 
results can be interpreted both qualitatively and 
quantitatively. 
No chemical pre-treatments and/or fractiona- 
tions are necessary, thus avoiding possible con- 
tamination from laboratory manipulations. 
Predominantly primary pyrolysis products are 
obtained. 
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The ideal pyrolysis process should take place 
under open system conditions which allow imme- 
diate removal of the dissociation products from the 
hot zone to avoid the formation of numerous sec- 
ondary products. 
The results of Py-GC-MS have tremendously 
improved our knowledge of the chemical structure 
of natural macromolecules at the molecular level. 
However, it must be realized that some significant 
structural moieties can be heavily modified by 
unwanted thermal reactions which may lead to 
incorrect conclusions on the structure of the origi- 
nal polymer. Thus, Tegelaar et al. [9] noted that 
an esterifiedp-coumaric acid generatesp-coumaric 
acid as its primary pyrolysis product that subse- 
quently undergoes decarboxylation, giving rise to 
the formation of p-vinylphenol. Likewise, Martin 
et al. [ IO] observed decarboxylation of benzene- 
carboxylic acid standards upon conventional pyrol- 
ysis. Also, it has been demonstrated that long-chain 
alkylbenzenes and alkylnaphthalenes can result 
from secondary thermal reactions of aliphatic pre- 
cursors [ 1 1,121. On the other hand, analytical 
pyrolysis of polymers may also yield highly polar 
products such as carboxylic acids which are diffi- 
cult to transfer from the pyrolyser and are almost 
impossible to chromatograph directly by GC. 
Therefore, pyrolysis may underestimate units bear- 
ing polar groups among the structural ‘building 
blocks’ of certain polymers. 
Recently, flash heating in the presence of tetra- 
methylammonium hydroxide (TMAH), the so- 
called pyrolysis-methytation, has been developed 
to improve the results gained by conventional 
pyrolysis [ 10, I 1,13-l 61. This procedure avoids 
decarboxylation and produces methyl esters of car- 
boxylic acids and methyl ethers of hydroxyl com- 
pounds. It has been demonstrated with standards 
of aliphatic esters and benzenecarboxylic acids that 
this procedure consists of a thermally assisted 
chemolysis rather than a true pyrolysis followed by 
‘in situ’ methylation of the products [ 10,15-171. 
The tetra-alkylammonium hydroxides react at high 
temperature with carboxyl, hydroxyl and ester 
groups to give the respective alkyl derivatives 
which are more amenable to gas chromatography. 
This technique has been used routinely in the direct 
analysis of solutions of fatty acids and triglycerides 
[l&19]. Dworzansky et al. [20,21] used the 
‘pyrolytic methylation’ for the generation of the 
chemotaxonomically characteristic profile of fatty 
acid methyl esters from different bacterial cells. 
More recently, this procedure has been applied to 
the structural characterization of a variety of natural 
and artificial polymers such as cutins, lignins, alkyd 
resins, polyester fibres, humic substances and ker- 
ogens [ 10,13- 17,22-341. 
As Challinor stated [ 221, this technique has the 
advantages compared to chemical degradation and 
conventional pyrolysis that more structural infor- 
mation can be obtained about the polar components 
of some polymers, minimal sample manipulation 
is required, and the method is therefore more cost 
effective. However, studies of humic substances 
have very recently suggested the possibility that 
small amounts of benzenecarboxylic acid methyl 
esters could be produced from unoxidized lignin 
moieties by oxidation with the TMAH reagent 
when elevated temperatures and large contact times 
are used [ 35 3. 
A limitation of the flash heating in the presence 
of TMAH is the inability to distinguish between 
any methoxy groups originally present in a mole- 
cule and those free hydroxyl groups that become 
methylated after pyrolysis in the presence of 
TMAH. To solve this problem, experiments with 
tetrabutylammonium hydroxyde (TBAH) have 
also been applied successfully to a variety of stan- 
dards, biopolymers and geomacromolecules 
[27,32]. Pyrolysis in the presence of TBAH will 
introduce a butyl moiety into the original free 
hydroxyl group (forming an 0-butyl ether) that 
can thus be distinguished from an original meth- 
oxyl function. 
We report here recent developments in the pyrol- 
ysis in the presence of tetra-alkylammonium 
hydroxides for the structural characterization of a 
set of natural biopolymers and geomacromolecules 
including lignins, humic substances of various ori- 
gins, coals, and asphaltenes and kerogens isolated 
from oil shales. 
2. Mechanism of thermally assisted 
hydrolysis and alkylation 
Flash heating in the presence of TMAH has been 
termed simultaneous pyrolysis methylation by 
some authors to distinguish it from pyrolytic meth- 
ylation which has been used to derivatize free fatty 
acids and triglycerides in the injection port of the 
gas chromatograph [ 18,191. This term has led to a 
misunderstanding of the mechanism. It has been 
demonstrated by several authors that the procedure 
consists of a thermally assisted chemolysis rather 
than pyrolysis followed by the methylation of the 
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Table 1 
Pyrolytic behaviour of some standard compounds 
Compound Conventional Pyrolysis Pyrolysis-methylation Pyrolysis-butylation 
1,2-Benzenedicarboxylic acid 
1:3-Benzenedicarboxylic acid 
1,3-Benzofurandione 
Benzoic acid 
1,4-Benzenedicarboxylic acid Benzoic acid 
1,2,4-Benzenetricarboxylic 
acid 
1,3,5Benzenetricarboxylic 
acid 
2-Propenoic acid,3-(4- 
hydroxyphenyl) 
Benzoic acid + 1,3- 
benzofurandione 
Benzoic acid 
4-Vinylphenol 
2-Propenoic acid,3-(3- 
methoxy-4-hydroxyphenyl) 
4-Vinyl-2-methoxyphenol 
2-Propenoic acid,3-(3,5- 
dimethoxy-4-hydroxyphenyl) 
4-VinyC2,6-dimethoxy- 
phenol 
2-Propenol,3-(4- 
hydroxyphenyl) 
2-Propenol,3-(3-methoxy-4- 
hydroxyphenyl) 
2-Propenol,3-(4- 
hydroxyphenyl) 
2-Propenol,3-(3-methoxy- 
4-hydroxyphenyl) 
2-Propenol,3-(3,5dimethoxy- 
4-hydroxyphenyl) 
2-Propenol,3-(3,5- 
dimethoxy- 
4-hydroxyphenyl) 
1,2-Benzenedicarboxylic acid, 
dimethyl ester 
1,3-Benzenedicarboxylic acid, 
dimethyl ester 
1,4-Benzenedicarboxylic acid, 
dimethyl ester 
1,2,4,-Benzenetricarboxylic, 
trimethyl ester 
1,3,5Benzenetricarboxylic 
acid, trimethyl ester 
2-Propenoic acid,3-(4- 
methoxyphenyl), methyl ester 
2-Propenoic acid,3(3,4- 
dimethoxyphenyl), methyl 
ester 
2-Propenoic acid,3-(3,4,5- 
trimethoxyphenyl), methyl 
ester 
2-Propenol,3-(4- 
methoxyphenyl), methyl ether 
2-Propenol,3-(3,4 
-dimethoxyphenyl), methyl 
ether 
2-Propenol,3-(3,4,5- 
trimethoxyphenyl), methyl 
ether 
1,2-Benzenedicarboxylic acid, 
dibutyl ester 
1,3-Benzenedicarboxylic acid, 
dibutyl ester 
1,4-Benzenedicarboxylic acid, 
dibutyl ester 
1,2,4,-Benzenetricarboxylic acid, 
tributyl ester 
1,3,5Benzenetricarboxylic acid, 
tributyl ester 
2-Propenoic acid,3-(4- 
butoxyphenyl), butyl ester+ 4- 
vinylbutoxybenzene (1: 1) 
2-Propenoic acid,3-(3-methoxy-4- 
butoxyphenyl), butyl ester + 4- 
vinyiQ-methoxybutoxybenzene 
(1:5) 
2-Propenoic acid,3-(3,5- 
dimethoxy-4-butoxyphenyl), butyl 
ester + 4-vinyl-2,6- 
dimethoxybutoxybenzene (1: 10) 
2-Propenol,3-(4-butoxyphenyl) 
2-Propenol,3-(3-methoxy-4- 
butoxyphenyl) 
2-Propenol,3-(3,5-dimethoxy-4- 
butoxyphenyl) 
released pyrolysis products [ 10,15-l 7,22,23]. The 
procedure has therefore recently been termed more 
appropriately thermally assisted hydrolysis and 
methylation (THM) [ 161, although the term 
pyrolysis-methylation seems to be more popular 
among authors. The terms THM, and the corre- 
sponding thermally assisted hydrolysis and butyl- 
ation (THB) for pyrolysis in the presence of 
TBAH, will be used in this text. 
There are few reasons to assume that a reaction 
between a macromolecule and the tetra-alkylam- 
monium hydroxide occurs at high temperatures 
which would release the structural units. In fact, 
the reported findings are generally very different 
from the results obtained by direct methylation fol- 
lowed by flash pyrolysis [ 36,371. 
Pyrolysis of a set of benzenecarboxylic acids, 
cinnamic acids and cinnamyl alcohols was per- 
formed in order to assess their behaviour upon con- 
ventional pyrolysis and flash heating in the 
presence of tetra-alkylammonium hydroxides. 
Table 1 shows the pyrolysis products obtained by 
the different procedures. 
It can be observed that the benzenedicarboxylic 
and benzenetricarboxylic acids undergo de- 
carboxylation and produce predominantly ben- 
zoic acid upon conventional pyrolysis. Only in the 
case where two carboxylic groups are located in 
ortho positions is the corresponding anhydride 
( 1,3-isobenzofurandione) formed. Likewise, cin- 
namic acids undergo decarboxylation upon 
conventional pyrolysis, yielding the respective 
vinylphenols. These experiments clearly demon- 
strate the limitations of the conventional pyrolysis 
technique for the structural characterization of 
macromolecules based on benzenecarboxylic acid 
moieties, since these decarboxylate and are there- 
fore not released intact upon pyrolysis. 
However, pyrolysis in the presence of TMAH 
and TBAH releases the benzenecarboxylic acids 
and cinnamic acids as their methyl and butyl esters, 
respectively. The absence of methyl benzoate and 
1,3-isobenzofurandione in this case reinforces the 
view that a high-temperature hydrolysis and alkyl- 
ation mechanism takes place rather than a methyl- 
ation of the pyrolysis products, as postulated by 
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Fig. 1. Mechanism of the pyrolysis of the benzene- 
carboxylic acids in the absence and in the presence 
of TMAH. 
various authors [ 10,14-l 7,23,28]. In the case of 
the cinnamic acids, pyrolysis in the presence of 
TBAH also releases the by-products arising from 
the decarboxylation. These by-products are more 
predominant in substituted cinnamic acids of 
0 
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Fig. 2. Suggested mechanism for the pyrolysis in the 
presence of TBAH of different aromatic acid 
standards. 
higher molecular weight. In the case of the cinna- 
my1 alcohols they are released as such upon con- 
ventional pyrolysis (i.e., by volatilization) and as 
dimethyl ethers upon THM. After THB, only the 
phenolic OH become butylated while the aliphatic 
alcohols remain unsubstituted, probably as a result 
of their weakly acidic character. Attempts to butyl- 
ate the aliphatic alcohol groups failed at three dif- 
ferent pyrolysis temperatures (300, 500 and 
700°C). According to all these data we suggest the 
mechanism shown in Fig. I for the pyrolysis- 
methylation of substituted benzenecarboxylic 
acids. Likewise, Fig. 2 shows the mechanisms of 
pyrolysis-butylation of several lignin-derived 
units. 
With respect o the quantitative aspects of THM, 
only few data have been published up to date and 
mainly refer to humic substances. Thus, it has been 
shown that the relative abundance of products 
released from humic substances upon THM is 
about fifteen times higher than in conventional 
pyrolysis [ Ill. Other authors also confirmed that 
THM produces product yields two to four times 
higher than the conventional pyrolysis of humic 
substances [301. It has also been reported that the 
relative amounts of products released after conven- 
tional pyrolysis and THM were different, depend- 
ing on the nature of the samples analyzed. For 
example, in aquatic fulvic acids (FA), THM 
increased the amounts of fatty acids tenfold 
whereas for terrestrial FA, the fatty acids increase 
I .4-fold [ 341. 
2.1. Flash heating of natural biopolymers in the 
presence of tetra-alkylammonium hydroxides 
As mentioned above, pyrolysis in the presence 
of TMAH has long been used for the direct analysis 
of naturally occurring fatty acids, triglycerides and 
waxes [ 13-l 5,18,19]. Triglycerides and waxes are 
hydrolysed and converted into their respective fatty 
acid methyl esters via intermediate tetramethylam- 
monium hydroxide salts. Dworzansky et al. 
[ 20,2 I] used the ‘pyrolytic methylation’ for the 
generation of the chemotaxonomically character- 
istic profile of fatty acid methyl esters from differ- 
ent bacterial cells. The method avoids the laborious 
and time-consuming sample preparation of extrac- 
tive methods. Holzer et al., [38] used a related 
quaternary amine, trimethylanilinium hydroxide to 
obtain the fatty acid profile of bacterial cells. Most 
of the products released corresponded to a hydrol- 
ysis reaction followed by quantitative methylation 
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of the fatty acid moieties and partial methylation 
of the aliphatic hydroxyl groups. 
THM of proteinaceous fibres, such as silk and 
wool, has also been attempted [ 141. The methyl 
derivatives of phenol and o-cresol were identified 
in the products of silk, which could arise from the 
hydrolysis and methylation of tyrosine, present in 
fibroin (silk) in high abundance. The THM of 
polysaccharides has also been performed. Martin 
and co-workers studied the compounds released 
after the pyrolysis-methylation of the extracellular 
polysaccharide produced by the lignilytic fungi 
Pleurutus eryngii [ 393. The permethylated mono- 
and disaccharides were the main compounds 
released. Although there is no published report on 
the behaviour of pure polysaccharides, several per- 
methylated compounds arising from cellulosic 
moieties in humic substances have been released 
upon THM [ 10,241. 
PINE 
bhl 
COOMe 
@ 
Ohb 
II 1 
i 
COOMe 
0  Ohb 
0th 
_-GA&Jgh 
20 2s 
Retention t 
.k, 
35 LO 
? (min) -L 
In the case of lignins, conventional pyrolysis has 
long been used for the identification of their differ- 
ent structural units [ 3,40-43] and has also been 
found suitable for following the lignin signature in 
the environment [ 4,8,44,45]. However, as previ- 
ously discussed, conventional flash-pyrolysis 
underestimates the potential presence of units bear- 
ing carboxyl groups among the lignin structural 
‘building blocks’. Few papers have been devoted 
to the use of THM for the structural characteriza- 
tion of lignins. Mulder et al. [ 33 J presentedprelim- 
inary data for the pyrolysis of bamboo milled wood 
lignin (MWL) and more recently, Martin et al. 
[ 27 J and Clifford et al., [ 17 3 have conducted sys- 
tematic studies of THM of the lignins isolated from 
different vascular plants. Challinor has recently 
published work on the derivatization of heartwood 
of a number of species [ 461. 
Fig. 3. Total ion chromatogram of the compounds 
released after THM of pine milled wood lignin. Pyrol- 
ysis temperature 500°C. Chromatographicconditions 
are: fused-silica capillary column (FFAP) of 30 m 
length and 0.2 mm I.D.; injector at 25O”C, detector 
(FID) at 300°C and oven temperature from 40°C to 
250°C at 6Wmin. Only the structures of the aromatic 
acids are shown in the chromatograms. 
zenepropanoic acids and benzenepropenoic acids 
(cinnamic acids), were released from the MWL 
studied. Trimethoxypropane derivatives were also 
released [ 17,271, which is indicative of hydrolysis 
and subsequent methylation. Flash heating in the 
presence of TMAH at sub-pyrolysis temperatures 
(3 10°C) produced similar chromatograms, also 
suggesting that the method probably involves 
mainly chemolytic reactions [ 17 3. 
Several MWLs, corresponding to the three dif- 
ferent structural groups (grass, gymnosperms and 
angiosperms), have been subjected to THM. Fig. 3 
shows the chromatogram of the compounds 
released from the Pine MWL after THM. The 
pyrolysis of the lignins in the presence of TMAH 
releases the methyl esters and methyl ethers of the 
various lignin monomers. It is interesting to note 
the release of several phenolic compounds bearing 
carboxyl groups (appearing as methyl esters), 
whose structures are indicated on the correspond- 
ing chromatographic peaks. These compounds 
have not been detected previously by conventional 
pyrolysis as being part of the lignin structure. Dif- 
ferent types of carboxylic units, such as benzene- 
carboxylic acids, benzeneacetic acids, ben- 
THM has also been applied succesfully in mon- 
itoring the structural changes that lignin undergoes 
during the coalification process [ 28 J . However, 
THM has a significant drawback for structural stud- 
ies of degraded lignins which might have suffered 
demethylation, as occurs during coalification 
[4,45 J. Since degraded lignins may contain both 
methoxy and free hydroxyl groups which will 
become methylated upon THM, these last cannot 
be distinguished from the methoxy groups origi- 
nally present in the lignin macromolecule. To avoid 
this problem, Martin et al. [27] and de1 Rio et al. 
[ 321 introduced pyrolysis in the presence of TBAH 
for differentiating between the free hydroxyl 
groups and the methoxyl groups originally present 
in the structure of degraded lignin. 
2.2. F/ash heating of natural geomacromolecules in 
the presence of fetra-alkylammonium hydroxides 
This technique has also been proposed as an 
improved alternative for the structural study of nat- 
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Fig. 4. THM of two fulvic acids: Vollbiittel (Germany), 
and water logged peatland (Las Madres, South 
Spain), isolated according to Martin et al. [l O]. Pyrol- 
ysis temperature700”C. Chromatographicconditions 
are: fused-silica capillary column (SE-52) of 25 m 
lenght and 0.2 mm I.D.; injector at 27O”C, detector 
(FID) at 300°C and oven temperature from 40°C to 
270°C at 6Wmin. The structures of the aromatic 
acids are shown in the chromatograms. 
ural geomacromolecules such as resins, resinites, 
humic substances (humic acids, fulvic acids, 
humins), coals, asphaltenes and kerogens 
[ 10,18,23-26,28-31,341. 
Natural resins and resinites based on diterpenoid 
carboxylic acids and present in the geosphere have 
been analysed using THM [23,24]. Diterpenoid 
resin acids were smoothly and quantitatively meth- 
ylated after pyrolysis in the presence of TMAH, 
without significant thermal degradation, decarbox- 
ylation or isomerization of olefinic structures. 
However, some side reactions, which result in the 
incorporation of nitrogen from the methylating 
agent, have been reported for the resin acids which 
contain additional carbonyl and/or hydroxyl 
groups. 
Fulvic acids (FA) and humic acids (HA) with 
different origins (aquatic and terrestrial) have been 
analysed by THM [ 10,25,26,29-3 I]. Fig. 4 shows 
the chromatograms of the products released after 
THM of two different FA. The flash heating of FA 
in the presence of TMAH yields mainly derivatives 
from polysaccharides and lignin moieties existing 
in the FA macromolecular structure. This proce- 
dure releases moieties that have not been observed 
previously upon conventional pyrolysis, because 
they were too polar or too reactive. The most strik- 
ing feature was the identification of aromatic acids 
(structures shown on the corresponding chroma- 
tographic peaks), which were previously reported 
as being building blocks of the FA structure in 
models based upon oxidative degradations [47]. 
Saiz-Jimenez et al. [ 251 also found that large quan- 
tities of aromatic acids were released from soil and 
lake FA, suggesting that these compounds repre- 
sent final steps in the oxidation of the side-chain 
during microbial degradation of lignins. 
A similar situation to that above occurs in the 
case of HA. Fig. 5 shows the chromatograms of the 
compounds released after THM of two different 
HA. High proportions of long-chain fatty acids 
were released, with minor amounts of aromatic 
acids. Aliphatic series such as fatty acid methyl 
esters, a,o-dicarboxylic acid dimethyl esters, w- 
methoxy-fatty acid methyl esters and triterpenoid 
compounds with ursane, oleanane and hopane skel- 
etons, were also detected in HA. Other authors 
[ 29-3 1 ] also observed the release of high amounts 
of fatty acid methyl esters and aromatic acid methyl 
esters upon THM of different soil HAS, suggesting 
1 ,.“. HA-LAS LAJAS 
I x /, HA-RIBADEO 
Retentmn time Imtn) 
Fig. 5. THM of two humic acids from an Andosol (La 
Lajas, Canary Islands) and a Podsol (Ribadeo, north 
Spain), isolated according to Martin and Gonzalez- 
Vila [36]. Pyrolysis temperature 500°C. Chromato- 
graphic conditions are: fused-silica capillary column 
(DB-5) of 25 m length and 0.2 mm I.D.; injector at 
3OO”C, detector (FID) at 300°C and oven temperature 
from 40°C to 300°C at 6Wmin. Only the structures of 
the aromatic acids are shown in the chromatograms. 
Cn= monocarboxylicacids, Cn:l = unsaturatedmon- 
ocarboxylic acids, b-Cn= branched monocarboxylic 
acids, C’n= dicarboxylic acids, C’n:l = unsaturated 
dicarboxylic acids, OMe-Cn= methoxy-monocarbox- 
ylic acids, (OMe),-Cn= dimethoxy-monocarboxylic 
acids, OMe-C’n= methoxy-dicarboxylic acids, 
T= triterpenoid acids. 
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that these are structural components of the humic 
macromolecule. In general, the data demonstrated 
that this technique provides relatively good pres- 
ervation of the original carboxyl and hydroxyl 
groups in lignin phenols owing to protection of the 
functional groups from thermal reactions. Taking 
into account of all these data, we agree with other 
authors [ 11,301 in that the present structural mod- 
els for humic substances, based largely on conven- 
tional pyrolysis studies 14817 should be 
re-evaluated. In this last paper, the network struc- 
ture of HA is given as being devoid of oxygen 
constituents, largely because no oxygen-contain- 
ing compounds were reported among pyrolysis 
compounds [ 481, although the elemental analyses 
indicated the presence of 33-34% of oxygen in the 
HA investigated. The same authors have now 
revised their original network structure, with the 
inclusion of oxygen in the form of carboxyls, phe- 
nolic and alcoholic hydroxyls, carboxyl esters and 
ethers [ 491. 
The THM of the HA isolated from two peat and 
lignite deposits (Padul peat, south Spain; Pontes 
lignite, north Spain) have also been accomplished 
recently [ 281. They released a great variety of 
components, the lignin-derived monomers being 
the most prominent. Again, a very striking feature 
was the release of benzenecarboxylic acid moieties 
which have not been observed previously by con- 
ventional pyrolytic techniques. These benzenecar- 
boxylic acid moieties were released in higher 
amounts from the lignite HA. This suggests that 
the content of carboxylic groups increases with 
coalification, at least up to the lignite stage, 
although a wider set of samples of different rank is 
needed to infer coalification trends. Oxidation of 
the C-3 side chain of the lignin structure would 
produce the benzenecarboxylic acids and the ben- 
zylic ketones which were identified. The presence 
of carbonyl and carboxyl groups located at the (Y- 
carbon of lignin monomeric units was previously 
presupposed in the structural model for low-rank 
coals proposed by Hatcher [50]. Several other 
compounds with the carboxyl group located at the 
p- and -y-carbons, such as benzeneacetic acids and 
benzenepropionic acids respectively, were also 
identified among the pyrolysis products. The ben- 
zenepropionic acids were mainly released from the 
peat HA, and in very low amounts from the lignite 
HA, indicating that they might be produced in the 
early stage of the coalification process but are sub- 
sequently oxidized and disappear with increasing 
coalification. The benzeneacetic acids, in contrast, 
Retention time (min) 
Fig. 6. THM of two different brown coals, Turow (xyli- 
tic) and Konin (humic), from Poland. Chromato- 
graphic conditions are: fused silica capillary column 
(SE-52) of 25 m length and 0.2 mm I.D.; injector at 
3OO”C, detector (FID) at 300°C and oven temperature 
from 40°C to 300°C at G”C/min. n=chain length of 
fatty acid methyl esters; n’ = chain length of n-alkanel 
n-alkene pairs; Pol = polysaccharide-derived com- 
pounds. 
are not present in the peat HA but appear in the 
lignite HA, which might suggest their formation at 
this later stage. 
However, a well-documented consequence of 
the coalification process, is the demethylation of 
methoxy groups in the guaiacyl and syringyl units 
of the lignin macromolecule and the formation of 
the corresponding catechols [ 4,451, can be highly 
biased during THM. Since this technique produces 
the methyl ethers of the free phenolic groups, these 
cannot be differentiated from the original methoxy 
groups in the lignin macromolecule. Pyrolysis in 
the presence of TBAH of the HAS of the Padul peat 
and Pontes lignite has been used to avoid this 
inconvenience [ 321. The butyl aryl ethers present 
in the lignin moieties arise from both free phenolic 
groups which become butylated, and by TBAH- 
assisted cleavage of the alkyl aryl ether bonds 
which leads to the formation of a butyl aryl ether. 
Moieties with guaiacyl and syringyl structures, 
having the OH groups at C-3 and C-5 either meth- 
ylated or butylated, were identified in both samples. 
The demethylation of the lignin moieties during 
coalification was inferred from the release of larger 
amounts of moieties with the OH groups at C-3 
and C-5 butylated from the lignite than from the 
peat. 
Flash heating of whole coals in the presence of 
TMAH has also been performed. Fig. 6 shows the 
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compounds released after THM of two different 
coals from Poland (a xylitic and a humic brown 
coal). The data are similar to those obtained after 
THM of the HAS isolated from other low-rank 
coals, with the release of a range of benzenecar- 
boxylic acid moieties and series of fatty acid methyl 
esters and hopanoic acid methyl esters not usually 
found upon conventional pyrolysis. Whereas the 
xylitic coal released predominantly lignin-derived 
aromatic units, with high amounts of aromatic 
acids, the humic coal released high amounts of fatty 
acids (as methyl esters) with minor amounts of 
aromatic acids. The long-chain fatty acids exhibit 
a very strong even-carbon-number predominance 
in the higher molecular weight region, which is 
thought to be indicative of the distribution of the 
monocarboxylic acids bound to the coal structure 
via ester linkages. Kralert et al. [ 5 1 ] also observed 
the release of series of fatty acids with strong even- 
over-odd predominance after THM of other low- 
rank coals. 
Kerogens and asphaltenes isolated from the 
Puertollano (Central Spain) oil shales have also 
been analysed by THM. Challinor [ 141 has pre- 
sented preliminary data for the use of THM in the 
characterization of the aliphatic ester moieties 
linked to the kerogen matrix of the Rundle shale. 
The main compounds released were series of 
alkane/alkene fatty acids, benzenecarboxylic 
acids, lignin-derived aromatic units and hopanoid 
compounds. The identification of long-chain fatty 
acids, benzenecarboxylic acids and hopanoic acids 
is noteworthy since they have not been released 
previously from kerogens and asphaltenes by con- 
ventional pyrolysis. The chemical structures of the 
released products indicate that considerable 
amounts of functionalized compounds are bound 
to the macromolecular structure via ester and ether 
linkages. 
Fig. 7 shows the distribution of the fatty acids 
released from the kerogen and asphaltene fractions 
isolated from the Puertollano oil shale. The series 
of fatty acids were identified in the range from C8 
up to Cj6, with a slight even-over-odd predomi- 
nance and maxima at Cl6 and C,*. A very striking 
feature was the release of small amounts of unsat- 
urated C, x:, and Clh: 1 fatty acids. These unsaturated 
moieties may have been incorporated and pre- 
served into the kerogen and asphaltene macromo- 
lecular network and have been released previously 
from the Puertollano kerogen by room temperature 
alkaline permanganate oxidation [ 52 1. Barakat 
[53] also released different series of fatty acids 
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Fig. 7. Mass chromatogram of the ion m/z74 showing 
the distribution of the fatty acids released from the 
kerogen and asphaltenes isolated from the Puertol- 
lano oil shale. Pyrolysis temperature 500°C. Chro- 
matographic conditions are: fused silica capillary 
column (SE-52) of 25 m length and 0.2 mm I.D.; injec- 
tor at 3OO”C, detector (FID) at 300°C and oven tem- 
perature from 40°C to 300°C at 6Wmir-r. 
from Monterey kerogen with an even carbon num- 
ber predominance, as well as unsaturated Cr6:r and 
C,8:1, by alkaline hydrolysis. Series of 2-methoxy 
fatty acids, w-methoxy fatty acids and cu,w-dicar- 
boxylic acids were also identified in all the samples, 
as their methyl esters, with strong even-over-odd 
predominance. All these series might derive from 
ester bound fatty acids protected in the most refrac- 
tory part of the macromolecular network. Kawa- 
mura and Ishiwatari [ 541 defined the tightly bound 
carboxylic acids as those released only on pyroly- 
sis. Tightly bound fatty acids are generally consid- 
ered to originate from the incorporation of partly 
altered lipids into kerogens at an early stage of 
sedimentation [54-561. Subsequently, such acids 
would be protected from diagenetic degradation 
and would be released only during laboratory heat- 
ing experiments or during natural catagenic evo- 
lution [55]. Carboxylic acids tightly bound to 
kerogens can be inherited directly from living 
organisms. The fatty acids released on pyrolysis 
78 
were linked to the macromolecular network via 
sterically protected, and hence, non-hydrolysable 
ester bonds. The even-carbon-number predomi- 
nance of the kerogen-bound fatty acids and their 
distribution suggest that the fatty acids might arise 
from the biopolymers cutin and suberin. 
Different aromatic acids were released after 
THM of asphaltenes and kerogens. Benzenecar- 
boxylic acids (as methyl esters) and their meth- 
oxylated counterparts, such as the 3,4-dimethoxy- 
and 3,4,5-trimethoxybenzenecarboxylic acids 
were the main aromatic acids released. Dimeric 
products of lignins were also generated after pyrol- 
ysis-methylation of kerogens and asphaltenes. 
These aromatic components might derive from 
higher plant lignins and possibly also from tannins 
and are always considered as indicators of a terres- 
trial origin. The presence of lignin-derived moieties 
has been shown previously in the Messel oil shale 
kerogen by the application of mild hydrogenation 
[57]. Hopanoid compounds were also released 
upon THM of the asphaltenes and kerogens. The 
main compounds released were hopanoic acids and 
hopenes. The fact that hopanoic acids are released 
from the geopolymeric matrix by THM indicated 
that they are bonded at their side-chain to the com- 
plex network of the kerogen and asphaltene, pre- 
sumably through an ester linkage. Hopanoid 
compounds bound through ether bonds are released 
as hopenes since the alcohols do not become meth- 
ylated. The identification of hopenes substantiates 
the previous suggestions that significant amounts 
of triterpenols are linked via ether bonds to the 
geopolymeric matrix. 
3. Concluding remarks 
The presence of polar moieties, mainly units 
bearing carboxyl groups, in the structures of some 
biopolymers and geomacromolecules has largely 
been underestimated as a result of the analytical 
limitations of conventional pyrolysis. Flash heating 
in the presence of tetra-alkylammonium hydrox- 
ides avoids decarboxylation and releases carbox- 
ylic groups in aliphatic and aromatic structures. 
This is therefore a promising and useful technique 
for the rapid analysis of natural macromolecules, 
giving valuable complementary information on 
their structures. Thus, the data provided by flash 
heating in the presence of tetra-alkylammonium 
hydroxides will make possible a re-evaluation of 
the structural models for some geomacromolecules 
trends in analytical chemistry, vol. 15, no. 2, 1996 
such as humic substances, low-rank coals, or ker- 
ogens, which have been based largely on conven- 
tional pyrolysis studies. This analytical approach 
can thus also provide insights into the coalification 
process. In particular, the use of flash heating in 
the presence of TBAH avoids decarboxylation and 
at the same time allows differentiation between the 
free and methylated 3-O and 5-O groups in the 
altered lignin macromolecule, and thus the inves- 
tigation of the demethylation and demethoxylation 
processes which occur during coalification. 
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